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AERODYNAMIC CHARACTERISTICS OF HORIZONTAL TAIL SURFACES 

By Abe Silverstkin and S. Katooff 



SUMMARY 

Collected data are presented on the aerodynamic charac- 
teristics of 17 horizontal tail surfaces indvding several 
with balanced elevators and two with end plaies. Curves 
are given for coefficients of normal force, drag j and ele- 
vator hinge mofnerU. A linvUed analysis of the resnUs 
has been made. The normalrforce coefficients are in 
better agreement with the lifting-surface theory of PrandU 
and Blenk for aiffoils of low aspect ratio than with the 
usual Iifti7ig4in£ theory. Only partial agreement exists 
between the elevator hin^e-moment coefficients and those 
predicted by Glauert's thin-airfoil theory, 

INTRODUCTION 

The balance, control, and stability problems that 
attend the use of wing flaps on airplanes require for 
their solution accurate methods of predicting the forces 
on the horizontal tail surfaces. In order to aid in the 
development of such methods, the available data for 
17 horizontal tail surfaces have been collected from 
various soiirces (see table I) and are herein presented. 
These data refer to the tail surfaces alone, exclusive of 
fuselage and slipstream interference. Some analyses, 
particularly with reference to normal-force and elevator 
hinge*moment coefficients, have been made within the 
limitations imposed by low test Reynolds Nirnibers and 
variations in section and in plan form. The data are 
not entirely satisfactory because the usual uncertainty 
exists in the extrapolation to higher Reynolds Numbers 
and the experimental precision is, in most cases, un- 
known. The results should be usefid, however, until 
more comprehensive investigations are made. 

Tables I and II contain the descriptive data for the 
17 surfaces. The tails have symmetrical sections; 
elliptical, rectangular, and trapezoidal plan forms; 
aspect ratios between 3 and 4.3; and elevator areas of 
from 30 to 50 percent of the total tail area. Two cases 
of tail assemblies with twin rudders as end plates are 
included. In some cases, groups of tail surfaces were 
tested in which only one characteristic, such as the 
elevator balance area or the ratio of the elevator area to 
the tail area, was systematically varied. 



SYMBOLS 

A aspect ratio. 

R Reynolds Number. 

V velocity. 

Cat normal-fort^e coefficient ( C^cos at+Co sin at). 

Hg elevator hinge moment. 

Ckt elevator hinge-moment coefficient {HJqc^^bt). 

at angle of attack of the tail, deg. 

5^ elevator angle (downward deflection positive). 

£f area* 

b span. 

c chord. 

c average chord. 

average of chords squared. 
Oo section slope of lift curve (deg measure;, 
jfc slope of tail normal-force curve (dCy/duj). 
r factor in the expression for the slope of the normal- 
force curve for tail surfaces with end plates, 
r elevator effectiveness. 
h height of end plate. 
u, V coefficients of Cjn and 5, in the hinge-moment 

equation. 
Subscripts: 

t entire tail. 

e elevator, excluding balance. 
b balance. 

NORMAL-FORCE COEFFICIENT 

The tail-surface characteristic necessary for stability 
calculations is the rate of change of normal force with 
angle of attack. For control problems, the most essen- 
tial characteristic is the rate of change of normal force 
with elevator angle. The normal-force coefficients Cy 
are plotted in figures 1 to 17 against angle of attack 
with elevator deflection 5, as a parameter. The curves 
are straight and parallel over most of the useful range; 
nonlinearity or nonparallelism at low values of at is 
associated with large elevator deflections or protruding 
balances. (Cf. figs. 1 and 9.) Cross plots of Cat 
against 5e for several values of at are shown for tail 
surfaces 1, 2, and 3 in figures 18 to 20. Curves of this 
type are of particular value in showing the variation of 
elevator effectiveness with elevator deflection. 
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TABLE I— DIMENSIONS OF TAIL SURFACES 
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TABLE II— THICKNESSES OF TAIL-SURFACE SECTIONS (Stations and thicknesses in percent chord) 
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FiGUKK 2.— Normal-force coefficient against angle of attack at various elevator 
deflections for tail surface 2. 
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FIOXJBE 5— Nonnai-foroB coefficient against angle of attack at various elevator 
deQections for tail surface S. 



.0 



4 





























































































































































3 

/ 


































/ 






























/ 


































/ 














\ 




















/ 


































/ 




































































r 

'/ 










/ 










— ^ 














■r 

/ 


















/ 






















/ 










/ 
























/ 








—A 


















7 


/ 










/ 
























,/ 










/ 


































^ 


































/' 






























^ — 




/ 


































/ 






































































/ 




































9 — 


































9 



Angle of attack, ctt» deg 

FxQVRi 4.— NonnaMbroe coefficient against angle of attack at various eleyator 
deflections for tail surtece 1. 




S 12 16 20 24 28 32 
Angtc of attack, ott . deg 

FiouBB «,-Normal-fbroe coefficient against angle of attack at various elevator 
deflections for tail surface 9. 
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FiGirmB 8.— Normal-fopoe ooeffleient against angle of attack at rariotu elevator 
daflectioos for taU surflua'8. 
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FiotTBX lO.^Normal* force coefficient against angle of attack at various elevator 
deflections for tail surface 10. 
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FiouBB 11.— NomuU-foroe coefficient acaizut angle of attack at varkna etoTator 
daflecttoas fir taO anrteoa 11. 
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FiauRB 12.— Normal-force coefficient against angle of attack at varioos elevator 
deflections for tail surbioe 12. 
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FiouBv IS.— Nonnal-lsna ooaffldSBt against aogSa of attadc at virloiu atovator 
dafleetioDs for taa sarilMa 13. 




4 8 /2 /6 20 
Ang/e of attack, cc^, deg 



24 



FiGiTftE 14.— Normal-force coefficient against angle of attack at various elevator 
deflections for tail surface U. 
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FiorBE l5,-Normal-for» coeffldent against anfde <rf attack at various etovntor 
dflfi«ctlona fcr tail surface ifl. 
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FiGUXV Ifl.— Nonnal-forca coefficient against angle of attack at various elevator 
cM)«ctions for tall surface 16. 
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Figure 17.— Normal-force coefficient against angle of attack at various elevator 
defiectlons for tail surface 17. 
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Some correlation between experimental results and 
theory has been attempted. The normal force can be 
expressed (reference 4) in the form 

Cs=^k{a^+rb,) (1) 

The value of it, or dCs/datf depends mainly on the 
aspect ratio. According to lifting-line theory, this 



gations (references 6 and 7) for wings and plates of 
low aspect ratio with rounded tips. The observed 
reductions in slope, however, somewhat exceed these 
predictions, probably because of the effects of the cut- 
outs, generally built to accommodate the rudder, and 
of the gaps between stabilizer and elevator. 
The effect of the cut-out is strikingly shown by the 




FiouRK 18.— Normal'fOFoe coefficient against elevator deflection at 
virloas anslea of attack for tail sorfaoe 1. 



FiQVBX 19— Normal-force ooeffldent 
acainst elAvator deflectl<m at varlouB 
angles of attack for tail surface 2. 



FiovEi 20.— Normal-force coefficient against elevator 
deflection at Tarlons angles of attack for tail snrfaoeS. 



slope should be approximately anj (l +^^y Figure 

21 shows, however, that the slope decreases much more 
rapidly with aspect ratio than does the value of this 
expression. Such behavior has been predicted by 
Prandtl and by Blenlc (reference 5) from theoretical 
considerations and has been observed in other investi- 



comparisons in figures 22 and 23. In both cases, the 
slope of the lift curve was reduced about 2 percent by 
the cut-out; whereas, if aspect ratio were the sole 
determining factor, the slope would have been increased 
by about 4 percent. The net reduction in dCsjdaty 
due to the cut-outs, was thus about 6 percent in these 
cases. 
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A9p9cf ratio, A 

FiQURi 21.— Variation of the iwrexiieter * with aspect ratio and comparisMi with 

theory. 
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F:ouRS 22.— Effect of a ent-oat on the normal-foroe coeffldent of a asttln^n 409 
airfoil (reference 2) 
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FiouB* 2a.— Effect of a cat-oat on the normal-force coefficient on a Qttttlngen 177 
AlrfoQ (referanos 3). 
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FiouBC 24.— Effect of end platea on the slope of the normal-force curve of tail surfaces 

2 and 3. 
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A gap between the stabilizer and the elevator is, in 
general, detrimental although the published data on 
the subject are either merely qualitative or incomplete 
(references 8 and 9). Seiferth (reference 3) states that, 
in preliininary tests, the gap was found to have a 
negligible effect; the gap tested was narrow and of the 
most favorable type, being between a rounded concave 
trailing edge on the stabilizer and a roxmded convex 
leading edge on the elevator. In the work on flaps 
reported in reference 8, the effect of the gap was easily 
measurable. The gap tested was a 0.0032c space 
between a flat trailing edge on the airfoil and a rounded 
leading edge on the flap. In the flight experiments 
reported in reference 9, sealing the gap greatly improved 
the maneuverability and the landing characteristics of 
the airplane; the gap, however, was of unusually poor 
design, consisting of a 0.02c gap between a rounded 
convex trailing edge on the stabilizer and a rounded 
convex leading edge on the elevator. 

The normal-force curves for tail surfaces 2 and 3 
with and without end plates are shown in figure 24. 
For the two twin-rudder tails (figs, 2 and 3), the value 
of dCsfdat is about 0.074, which is considerably higher 
than that for any of the other tail planes. According 
to the theory of wings with end plates (reference 10), 



dat 



. . raoX57.3 



(2) 



in which r is a factor given by the curve of figure 25 
as a function of A/6 „ the ratio of the height of the end 
plate to the tail span. For tails 2 and 3, A/6 ,=0.32 so 
that, from figure 25, r=0.63. Considering ao=0.093, 
it follows from equation (2) that (iCW/da,= 0.074, which 
is in agreement with the experimental value. 

The parameter r (equation (1)) is the ratio of the 
effectiveness of a chaise in elevator angle 5, to that of 
a change in tail angle a,. It is a fxmction mainly of 
the ratio of the elevator area to the total tail area 
SJSt; however, it also depends to some extent on the 
relative balance area SJS,, the nature of the gap, and 
the plan form. The experimental values of r for the 17 
tail surfaces are plotted against SJSt in figure 26. 
Three different curves have been drawn through the 
points for three different values of SJS,. These curves 
apply to tail surfaces in which the gap between the 
elevator and the stabilizer is open. It appears that 
sealing the gap may increase the value of t by about IC 
percent. For comparison, the theoretical curve (ref- 
erence 4) is given. 

The maximum normal force of the horizontal tail 
surfaces is of particular interest for airplanes charac- 
terized by early center-section stalls or large ground 
effects on the downwash. For these cases, the flow 
may break away on the upper surface of the stabilizer 
when the elevator is deflected upward. Stalling on the 
lower surface of the stabilizer, with the elevator de- 
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fleeted upward, may possibly occur when the airplane 
is near the maximum permissible speed with partial- 
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FiQUBi 28.->Incremeiit of mazlmum normal-force coefflolent against elevator deflec- 
tion for tails with offset-hinge balaace. 

spaa flaps fully deflected. This particular flight con- 
dition may occur when an airplane is waved off during 



an attempted landing on an aircraft carrier or takes off 
immediately after landing with flaps down. It is 
most desirable that the elevator effectiveness be main- 
tained at the stall. Values of dCsmazl^^^^ taken be- 
tween elevator deflections of lO'' and — 10"*, are plotted 
against SJSt in figure 27, together with similar data for 
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FiOTTBi 29.~Incremeot of maximum normal-force coefDcient against elevator delSec- 
tion for tails with overhung l>alanoe. 

plain flaps on the Clark Y airfoil. The values of the 
maximum normal-force coefficients are given for most 
of the tail surfaces in figures 1 to 17. 

The considerable scatter cf the points in figure 27 
may be attributed to the many factors upon which the 
maximum force depends. One important variable is 
probably the section thickness; thus, in the analogous 
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FiaoBE ao.'-Diagram showing elevator in deflected position on taU surfaces 4, 5, 

and 8. 

case of flapped airfoils, the flap effectiveness has been 
shown (reference 8) to increase with thickness. 

The gap between the elevator and the stabilizer is 
also an important variable. Results obtained with 
flapped wings showed that the increment of maximum 
lift due to deflecting 0.20c flaps is reduced 20 to 30 
percent by a gap of only 0.003c between a convex lead- 
ing edge on the flap and a flat trailing edge on the airfoil 
(reference 8). 
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Comparison of the results for taU surfaces 4, 5, and 
6 (fig. 28) and for tail surfaces 7, 8, and 9 (fig. 29) shows 
the effect of elevator balance on the elevator effective- 
ness at maximum normal force. For the lai^est offset- 
lunge balance (fig. 28), the elevator effectiveness begins 
to decrease after about 10° deflection, and increasing 
the deflection beyond 20'' has little effect. The discon- 
tinuK/y in the surface caused by the protrusion of the 
balance (shown in fig. 30) probably induces the stall in 
this case. For the overhang, or horn, type of balance 
(fig, 29), the effectiveness of the elevator is maintained 
up to 30^ deflection. The rate of increase of the maxi- 
mum normal force with elevator deflection is lower, 
however, than for the offset-hinge balance. 

The range of Reynolds Numbers over which the data 
for elevator effectiveness are valid is unknown. Flap 
tests made in the N. A. C. A. 7- by 10-foot and variable- 
density wind tunnels (references 8 and 11) indicate, 
however, that the increment of maximum lift due to 
flap deflection is not greatly affected by the Reynolds 
Number. 

ELEYATOB HINGE MOMENTS • 

The hinge-moment coefficients are plotted against 
elevator deflection in figures 31 to 46 for different values 
of angle of attack of the tail surface. No hinge mo- 
ments were measured for tail surface 1. The curves 
are smoothest, in general, for unstalled conditions and 
for elevators without balances. Increasing either a, 
or 5, into the stalled range is generally accompanied by 
a marked variation, usually a sharp increase, in the 
hinge moment. 

The theoretical hinge-moment coefficients for thin 
airfoils are derived in reference 4 for elevators without 
balance. They are expressed in the form 

Ch,^uCs+v6, (3) 
and theoretical curves are given for u and t; as functions 
of the ratio cjct. The theoretical values of u derived 
from thin-au-foil theory, however, are somewhat higher 
than the theoretical values corresponding to airfoils of 
finite thickness. Thus, hinge-moment calculations for 
c,/c,=0.3, based on the theoretical pressure distribu- 
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tions for the N. A. C. A, 0006 and N. A. C. A. 0018 air- 
foil sections, gave values for u about 0.89 and 0.73, 
respectively, of those given by thin-airfoil theory. 

In the present analysis, experimental values for u and 
V were found from the curves of figures 31 to 46. Thus 

These experimental values, for tail surfaces without 
balanced elevators, are plotted against SjSt in figures 
47 and 48, which also show the theoretical curves from 
reference 4. The values of u fall considerably below 
the theoretical curve but the values of v are in fair 
agreement with the theory. The gap between the 
elevator and the stabilizer as well as the nonuniform 
distribution of cJct across the span of the tail doubtless 
contributes to the scatter of the points on figures 47 
and 48. 

Reduction of hinge moments by shifting the hinge 
back along the elevator (offset-hinge balance) is illus- 
trated by taU surfaces 4, 5, and 6 (fig. 49). The 
effectiveness of the overhang type of balance in reduc- 
ing hinge moments is shown in figures 37 and 38. 

The flight experiments of reference 9 showed that, by 
closing the gap between the elevator and the stabilizer, 
the tail effectiveness was mcreased and the stick forces 
were much reduced. The gap in the case tested, how- 
ever, was unusually wide. 

DRAG 

Several plots of drag coefficient Co against a, are 
given in figures 50 to 54. They exhibit the usual 
parabolic increase with angle of attack and the sharp 
rise after the ai^le of stall; however, the increase in all 
cases considerably exceeds that corresponding to the 

C ^ 

usual induced-drag equation, <^i><=;;^- larger 

drag is attributed to the large tip losses of the surfaces 
of low aspect ratio. 
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face 2. faces. face 4. 

Elevator binse-moment ooefflclent against elevator deflection at variom angles of attack for tail surfBoes[_2, 3, and 4. 
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Elevator chf lection, ,deg 

(a) FiGuai M.-Twl sur- (b) Fiouei 35.-Tail aur- (c) Fjgurk M.-Tail sot- 

face 5. face 6. face 7. 

Elevator liinge-moment coefflcteni against elevator deflection at various angles of attack for tail surfaces 5, 6, and 7. 
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Elevator deflect ioi% 6^ ,deg 

Ca) FiouBB 43.— Tail sor- <b) Fiourb 44.— Tafl sur- (c) Figure 45.— Tail sur- 

face M. face 15. face 16. 

Elevator hinge-moment coefficient against elerator deflection at various angles of attack for tail surfaces 14, 15, and ifl. 
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Ftovas 49.— Elevator hlnge-raoment ooefflcfent against elevator deflection at «i-0" for tail surfaces 4, 5, and 6. 
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FiGOHi 53.^Draf coefflcleat against angle of attack at various elevator deflections 
for tail surface 15. 
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FiouBi 52.— Draf coeffldent against angle of attack at various elevator deflections 
fortaflsarfBoe4. 




0 4 8 t2 16 20 24 28 
Angle of attack, cC,, deg 

FiouRB 53.~DtBg coefficient against angle of attack at various elevator deflections 
for tail surGace 16. 
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Fwrmt M.— Drag oMffldtnt aoiut ancte of attack at variooi elevator dftfleotUnu 
for taa swboa 17. 



CONCLUSIONS 

L The lifting-line theory predicts values of the slope 
of the curve of the normal-force coefficient about 10 
percent higher than the experimental ones obtained for 
tail surfaces with aspect ratios from 3.5 to 4. 

2. Experimental results of the effect of end plates 
are in good agreement with theory. 

3, Thin-airfoil theory predicts values of the elevator 
effectiveness and the hinge moments that are somewhat 
larger than the experimental values. 



Langley Memorial Aeronautical Laboratory, 
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